The dynamical processing of black holes in the dense cores of globular clusters (GCs), makes them efficient factories for producing binary black holes (BBHs). Here we explore the population of BBHs that form dynamically in GCs and may be observable at mHz frequencies or higher with LISA. We use our Monte Carlo stellar dynamics code, which includes gravitational radiation reaction effects for all BH encounters. By creating a representative local universe of GCs, we show that up to dozens of these systems may be resolvable by LISA with signal-to-noise ratios of at least 5. Approximately one third of these binaries will have measurable eccentricities (e > 10 −3 ) in the LISA band and a small number ( 5) may evolve from the LISA band to the LIGO band during the LISA mission.
I. INTRODUCTION
The groundbreaking detections of gravitational waves (GWs) by LIGO/Virgo [1] [2] [3] [4] [5] have prompted a multitude of studies aimed at understanding the formation mechanisms for merging binary black holes (BBHs). A variety of formation channels have been proposed for these sources, involving isolated massive binary evolution [e.g., [6] [7] [8] [9] , primordial BHs [e.g., 10, 11] , galactic nuclei [e.g., [12] [13] [14] , secular interactions in hierarchical triple systems [e.g., [13] [14] [15] [16] [17] [18] , and dynamical formation in dense star clusters [e.g., [19] [20] [21] [22] [23] [24] [25] , which is the focus of this study.
Unlike BBHs formed through isolated binary evolution, which are expected to have circularized orbits with component spins nearly aligned with the binary angular momentum, dynamically-formed BBHs can have measurable eccentricities and spin-misalignments that result directly from their formation process. In the cores of dense star clusters, frequent three-and four-body resonant encounters impart large eccentricities [e.g., [26] [27] [28] and random spin orientations [e.g., 29] to binaries. Hence, if measurable, spin-misalignments and/or eccentricities (or lack thereof) may serve as fingerprints pointing toward the specific BBH formation channel [e.g., 27, [29] [30] [31] .
Most LIGO/Virgo sources should be seen with similar properties: small mass ratios, relatively large masses (> 10 M ), small spins, and approximately zero eccentricity, regardless of the formation scenario [32] . Even for * kremer@u.northwestern.edu the majority of dynamically-formed BBHs, eccentricities acquired at the time of dynamical binary formation are largely erased during the GW-driven inspiral [27, 28, 33] . More recently, it has been shown that a small fraction of BBH mergers from GCs (∼ 5%) will occur through GW capture events that may have eccentricities in excess of 0.05 in the LIGO band [25, 28, [33] [34] [35] , but these systems do not make up a significant fraction of the total population. On the other hand, for the upcoming spacebased interferometer LISA [36, 37] , which will observe similar BBHs at lower GW frequencies (10 −5 − 1 Hz), residual eccentricities may still be apparent for a much larger fraction (up to ∼ 40%; [27] ) of resolvable sources.
Several recent studies have examined the potential population of dynamically-formed binaries in the LISA band. In [38, 39] , post-Newtonian (PN) direct N -body simulations were used to explore the population of LISA sources assembled dynamically in open clusters. [40] used Monte Carlo GC models (without PN corrections) to show that up to dozens of LISA sources may be found in the Milky Way GCs (including BBHs as well as other compact binaries containing neutron stars and white dwarfs). Most recently, [27] , [31] , and [41] used semi-analytic methods, including PN corrections, to show that a large fraction of BBH mergers from GCs will have measurable eccentricities in the LISA band. These recent analyses also demonstrated that PN corrections play an important role in the formation and evolution of BH populations in GCs and thus the inclusion of these corrections is important for a full understanding of dynamically assembled LISA sources.
Here we present our first full-scale GC models, includ-ing PN gravity (radiation reaction), to examine BBHs in the LISA band. Using our Monte Carlo dynamics code, CMC, we create a representative local universe of GCs (out to a distance of 500 Mpc), and examine the BBH systems that may be resolvable by LISA with sufficiently high signal-to-noise ratios. We also explore the distributions of orbital and component properties of LISA BBHs (taking into account PN effects and all dynamical effects expected within realistic GCs) to predict the number of binaries that will have measurable eccentricities in the LISA band.
In Section II, we describe our technique for modeling GCs and describe the models used in this study. In Section III, we explore all BBH mergers identified in our models and discuss their evolution through the LISA band. In Section IV, we describe the weighting scheme implemented to simulate a representative local universe and discuss the number of BBHs expected to be resolved by LISA. We discuss our results and conclude in Section V.
II. MODELING GLOBULAR CLUSTERS
To model GCs, we use our Hénon-style Monte Carlo code, CMC (for a review, see [21, [42] [43] [44] [45] [46] [47] [48] [49] ). CMC includes all physics relevant to the long-term evolution of GCs including two-body relaxation, stellar evolution (implemented using updated versions of the SSE and BSE packages; [50, 51] ), three-body binary formation, and small-N gravitational encounters (implemented using the Fewbody package; [52, 53] ).
We account for relativistic effects by including the 2.5 PN term (radiation reaction) in three-and fourbody dynamical encounters involving more than one BH (which are integrated using the Fewbody code). See [25, 27, 28, [31] [32] [33] for more detail concerning the role of PN effects in these small-N encounters.
Here, we use a 4 × 3 × 2 grid of 24 independent GC models identical to those used in [28] . The models span four values in initial particle number (N = 2 × 10 5 , 5 × 10 5 , 10 6 , 2 × 10 6 ) and three values in galactocentric distance (2 kpc, 8 kpc, and 20 kpc), with corresponding metallicity values of Z = 0.01 Z , 0.05 Z , and 0.25 Z , respectively. Additionally, we consider two values for the initial cluster virial radius (1 and 2 pc).
We assume an initial binary fraction of 10% for all models with binary orbital periods drawn from a distribution flat in log and initial eccentricities drawn from a thermal distribution. We use the compact object formation prescriptions of [54] and [55] . NS natal kicks are drawn as in [56] . BHs are assumed to form with mass fallback and BH natal kicks are reduced in magnitude according to the fractional mass of fallback material (see [57] for further detail).
III. BINARY BLACK HOLES ACROSS FREQUENCY BANDS
As discussed in [28] , we identify three dynamical formation channels for BBH mergers: (1) Binaries that merge as isolated binaries after dynamically-mediated ejection from their host cluster (henceforth referred to as the "Ejected" channel); (2) Binaries still retained in their host clusters that merge between resonant dynamical encounters (henceforth referred to as the "In-cluster" channel); and (3) Binaries that merge through gravitational capture during resonant encounters (henceforth referred to as the "GW-capture" channel). These three merger channels have been identified and explored in several recent studies [e.g., 25, 27, 28, 31] and it has been shown that these channels can produce binaries of varying orbital parameters (in particular, varying eccentricities) when passing through the LIGO and LISA bands. Note that a small fraction of mergers (∼ 5%) occur through primordial binary evolution at early times (t 100 Myr); we exclude these primordial mergers as they are not influenced by dynamical interactions (see [28] for further detail). Because these binaries preferentially merge very early in the evolution of their host clusters and because LISA can only resolve binaries out to z ≈ 0.1 (which limits LISA to older clusters with ages greater than a few Gyr), these primordial BBHs (which by definition merge in their host clusters before being influenced by dynamical interactions) are likely not accessible to LISA.
A. Eccentric GW Strain and S/N
For eccentric binaries, the characteristic strain at the n th harmonic is given by [e.g., 12, 58] :
Here, f n is the observed GW frequency for the n th harmonic at redshift z, which is related to the intrinsic (restframe) orbital frequency, f orb by:
andĖ n is the time derivative of the energy radiated in GWs at frequency f n , which to lowest order iṡ
where g(n, e) is given by equation (20) in [59] and
is the chirp mass. The terṁ f n = nḟ orb , to lowest order, iṡ [59] . The characteristic strain, h c, n , is a measure of the number of cycles per frequency bin of width ∆f = 1/T obs , where T obs is the LISA mission lifetime (we assume a fiducial value of T obs = 5 years). For stellar-mass BBHs, the source lifetime can be significantly longer than the observation lifetime, thus it is necessary to take into account the fraction of the mission lifetime a particular source spends within a given frequency bin when discussing the characteristic strain. Therefore, when showing detectability results for particular binaries (as in Figures 1 and 3) , we show the characteristic amplitude, h c, n , multiplied by the square root of min[1,ḟ n (T obs / f n )] to account for the frequency band swept by each source during the observation time [see, e.g., 31, 60, 61] .
The top panel of Figure 1 shows evolutionary tracks for all (dynamical) BBH mergers identified in our models that have merger times less than a Hubble time. These tracks show the characteristic strain versus peak frequency of GW emission for eccentric binaries, given by [64] :
Each track shows the evolution from the time of formation (marked by the filled circles) to f peak GW = 30 Hz. The bottom panel of the figure shows the inspiral time for these binaries versus f peak GW at the time of formation. The colors in Figure 1 denote the three different formation channels, as described in the figure caption. For ejected and in-cluster binaries, the orbital parameters at formation are well-defined: they are simply the binary parameters following the last dynamical encounter. However, for GW capture mergers, the time of binary formation is not well-defined (and if merger occurs through "direct collision" of BHs, a binary is never actually formed; see [28] ), so we simply assume these GW capture binaries form at a reference eccentricity of 0.999. Since the pericenter distance (which determines the peak frequency of GW emission) asymptotically approaches the true (and unknown) initial pericenter distance for these binaries as e approaches 1, the particular choice of the reference eccentricity has no significant effect (see, e.g., [25] ).
As Figure 1 clearly demonstrates, the ejected, incluster, and GW capture channels produce BBHs with increasing f peak GW at the time of formation. In particular, while BBHs produced through the ejected and incluster channels form at lower frequencies and subsequently evolve through the LISA and then LIGO bands, BBHs creates via GW capture form at higher frequencies and typically skip the LISA band entirely. [65] also
Top panel shows evolution of GW amplitude at frequency of peak emission, f peak GW , for all BBH mergers with tmerge < tH in our models. Bottom panel shows inspiral time versus f peak GW at formation. Blue, red, and yellow denote the mergers which occur through the ejected, in-cluster, and resonant encounter channels, respectively. Filled circles denote the values at the time of last dynamical encounter. The black and gray curves in the top panel denote the LISA and LIGO sensitivity curves, respectively [62, 63] .
noted that some sources detected by ground-based detectors cannot be seen by LISA; for high eccentricity binaries, a detector in the decihertz regime is necessary for co-detection.
Similar tracks in strain-frequency space for these three formation channels were explored in [31] using semianalytic methods to model binary-single encounters undergone by BHs in typical GC environments. In contrast, our results arise from realistic, full-scale GC models that span a range in GC properties including metallicity, total mass, virial radius, and galactocentric distance. While [31] considered only 30 + 30M BBHs (as a fiducial case) and a realistic range of BBH formation
FIG. 2. Eccentricities of all merging BBHs at a GW frequency of 10
−2 Hz. Red denotes in-cluster BBH mergers and blue denotes BBHs that merge after ejection from their host cluster. The top panel shows the semi-major axis at the time of formation (defined as the last dynamical encounter). The middle panel shows the eccentricity at the time of formation, and the bottom panel shows the cumulative distribution of all sources at f peak GW = 10 −2 Hz. The bottom panel also includes the eccentricity distribution for a population of binaries formed in the Galactic field also at f peak GW = 10 −2 Hz, created using the cosmic population synthesis code, as described in the text.
times and static GC properties, our models produce a self-consistent population of BBHs with a realistic spectrum in BH masses, and their formation times. Satisfyingly, the general trends observed in our strain-frequency diagram agree quite well between our detailed models and their more approximate ones. Figure 2 shows the eccentricity distribution for all BBH mergers shown in Figure 1 at f peak GW = 10 −2 Hz, which approximately corresponds to the so-called "bucket" of the LISA sensitivity curve [e.g., 62]. The top and middle panels, respectively, show the distributions of semi-major axis and eccentricity at formation (following the last dynamical encounter). All binaries formed through the GW capture channel (yellow systems in Figure 1 ) form at frequencies in excess of 10 −2 Hz, so are not shown here. As the bottom panel of Figure 2 shows, 78% (8%) of the in-cluster (ejected) mergers will have e > 10 −2 at f peak GW = 10 −2 Hz. We also include in the bottom panel the eccentricity distribution at f peak GW = 10 −2 Hz for a population of BBHs formed in the Galactic field. This population is created using the same binary evolution models as our GC populations, but is initialized according to a metallicity-dependent Milky Way star formation history based on galaxy m12i in the Latte simulation suite. The Latte suite of FIRE-2 cosmological, zoom-in, baryonic simulations of Milky Way-mass galaxies [66] , part of the Feedback In Realistic Environments (FIRE) simulation project, were run using the Gizmo gravity plus hydrodynamics code in meshless, finite-mass mode [67] and the FIRE-2 physics model [68] . All binaries in this population, including the binary fraction, are initialized according to observed distributions detailed in [69] . The population synthesis was performed with cosmic [70], a binary population synthesis code designed explicitly to produce realistic Milky Way populations. In particular, the binaries are evolved until the present day binary parameters of the BBHs in the population converge to a defined shape over the LISA sensitivity band.
C. Eccentricity Distribution in LISA
Similar to the results from [30] , the eccentricity of BBHs formed in the Galactic field is lower than BBHs formed in GCs that are ejected from or retained in the GC. We plan to perform a more in depth comparison of all observable parameters from these populations, including masses and distance, in a future study.
Note that the Galactic field distribution shown in Figure 2 considers only binaries formed through isolated binary evolution and does not consider the contribution of BBH mergers arising from secular evolution of hierarchical triples. Triples may contribute significantly to the overall BBH merger rate and, like the GC channels considered in this analysis, may lead to BBHs with high eccentricities relative to BBHs formed strictly through isolated binary evolution [e.g., 15, 71] .
D. Distinguishing Between the Merger Channels
As described in Section III, cluster dynamics produces (at least) three distinct BBH merger channels, which are ejected mergers, in-cluster mergers, and GW capture mergers. As illustrated in Figure 1 , each of these channels gives rise to a unique distribution across GW peak frequency space, which can be used to observationally distinguish them from one another. To provide some insight into the relative location of the distributions and how they scale with the cluster properties, we present below a few relevant analytical relations to complement our numerical results. We especially focus on how a given channel relates to f peak GW and e at formation. For this discussion, we use the analytical framework presented in [26, 35, 72] . For simplicity, the equal mass limit is assumed and we only include strong encounters up to binary-single.
For deriving f peak GW and e at the time of formation for a given BBH belonging to a given channel, we start by noticing that each channel is associated with its own characteristic time scale, τ . That is, for an assembled BBH to contribute to a particular channel, its GW merger time, t GW (see Figure 1 ), has to be comparable to the associated time τ , where τ ∼ the Hubble time (t H ) for the ejected mergers, τ ∼ the time between strong encounters (t enc ) for the in-cluster mergers, and τ ∼ the BBH orbital time (T orb ) for the GW capture mergers [e.g. 27, 31]. . (6) Here, we have normalized to values that are typical for a BBH near ejection (see Figure 2 ), as this is where the majority of the relevant dynamics take place.
Given that
Substituting the time scales, τ , for the three channels into Equation 6 , one finds that log f peak GW /Hz ≈ −4.5 for the ejected mergers (τ = 10 10 years), log f peak GW /Hz ≈ −3.5 for the in-cluster mergers (τ = 10 7 years), and log f peak GW /Hz ≈ 0 for the GW capture mergers (τ = 0.1 year). In addition, solving for the corresponding initial eccentricity, e 0 , of the BBHs from each channel, one finds that e 0 ≈ 1 − 10 −1 (ejected mergers), e 0 ≈ 1 − 10 −2 (in-cluster mergers), and e 0 ≈ 1 − 10 −5 (GW capture mergers). From these simple arguments, it follows that in-cluster mergers generally will appear eccentric near the LISA band, and GW capture mergers near the LIGO band, as further discussed in [25, 27] , and as is clearly shown in Figure 1 . Note that our derived f peak GW and e 0 represent minimum values, as our introduced time scales, τ , represent upper limits; in principle all BBH merger channels will have some contribution at high f peak GW and e, but the probability drastically decreases above their characteristic values derived above.
The location of f peak GW for the in-cluster and GW capture mergers depends especially on the value of the semimajor axis where dynamical ejection is possible, a ej , which is about where a ej ∝ M/v 2 esc , where v esc is the escape velocity of the cluster [e.g. 35] . At this semi-major axis, the time between strong binary-single encounters can be approximated by 1/Γ enc ∝ v 3 esc /(n s M 2 ), where Γ enc is the encounter rate, n s is the number density of single BHs, and we have assumed that the ratio between the velocity dispersion and the escape velocity is constant. Correspondingly, the BBH orbital time at a ej is ∝ v 3 esc M , which simply follows from Kepler's law. Now substituting these two time scales into Equation 6 with a = a ej , we find that f esc M −1 for the GW capture mergers.
As seen, these two channels are expected to give rise to f peak GW positions that scale in very different ways with the BH mass and cluster parameters. In this idealized picture, this interestingly suggests that the host cluster properties might be extracted from future GW data taking into account the actual f [74, 75] or Tian Qin [76] , as explored in e.g., [65] . Finally, for a demonstration of how the analytical formalism used above also can be used to accurately explain the relative rate for each of the three channels we refer the reader to [28] to estimate the relative rate for each of the three channels.
IV. LISA SOURCES IN THE LOCAL UNIVERSE
In order to predict the number of BBHs dynamicallyassembled in GCs that will be resolvable by LISA, we must introduce a scheme to build a representative local universe of GCs using our models. Here we use a weighting scheme similar to [28] where models are assigned weights based on the present-day GC mass function and metallicity distributions of [77] .
We consider three values for the number density of GCs, ρ GC , in the local universe [21, 22] : 0.32 Mpc −3 (pessimistic), 0.77 Mpc −3 (fiducial), and 2.31 Mpc −3 (optimistic). For each of the three values of ρ GC , we make an appropriate number of draws from our (weighted) grid of 24 GC models. Each drawn cluster model is then assigned a distance (drawn from a uniform volume of radius 500 Mpc) and age (drawn from the metallicity-dependent age distributions of [77] ). The effective time at which a particular cluster would be observed is then given by t effective = t age − t lookback , where t lookback is the lookback time corresponding to the luminosity distance drawn for each model.
We then look at all BBHs appearing in the particular model (including both BBHs still retained in the host cluster as well as BBHs that were ejected earlier in the cluster evolution, but have not yet merged) in the time window bounded by t effective and t effective + T obs , where T obs is the duration of the LISA mission. We consider missions of length 2 years, 5 years (fiducial), and 10 years, with the later serving as an upper limit on the observation time.
We perform this procedure an appropriate number of times, based on the particular value of ρ GC , to gener-ate a realistic population of GC BBHs expected in the local universe. The vast majority of BBHs in this population will be found either within or below the LISA frequency range (10 −5 < f GW < 1 Hz) during the entire LISA observation window. However, a small handful of binaries that happen to be caught when their inspiral time is less than T obs , will pass through the upper portion of the LISA band and merge in the LIGO band during the LISA observation window.
For all BBHs identified in the LISA band using the scheme, we calculate the signal-to-noise ratio (S/N ), based on the binary orbital parameters and the heliocentric distance for each host cluster (randomly drawn as described above) . For eccentric binaries, the S/N is calculating by summing over all relevant harmonics [e.g., 12]:
where h c, n is given by Equation (1), h f is the characteristic LISA noise curve (taken here from [62] ), and R is the detector-dependent sky and polarization-averaged signal response function, which we approximate to be equal to 16/5 [62] . Figure 3 shows the characteristic amplitude of the peak harmonic and peak GW frequency for all BBHs with S/N > 5 in a single representative local universe realization assuming our fiducial values of ρ GC = 0.77 Mpc and T obs = 5 years. Large circles denote binaries resolved with S/N > 10 and, as before, the blue color denotes binaries that have been ejected and red denotes binaries still retained in their host cluster. The circles mark the position of each binary at the start of the LISA observation and the black tracks show the evolution of each system over the duration of the LISA mission. Systems at lower frequencies ( 5 mHz) with no black tracks do not evolve significantly during LISA observation time.
The "turn-over" points in the evolution tracks shown in Figure 3 (as well as those in Figure 1 ) arise because for a finite observation time, the number of cycles in a given frequency bin cannot exceed f T obs . The location of these turn-over points corresponds to the frequency at whichḟ n is less than f n /T obs for the harmonic of peak GW emission for each binary (as described above).
For the particular local-universe representation shown in Figure 3 The number of resolvable BBHs in a particular localuniverse representation varies stochastically with a number of (randomly drawn) parameters including cluster , which correspond to the pessimistic, fiducial, and optimistic cases, respectively. Row 2 shows the local-universe merger rate for these three values of ρGC. Subsequent rows show the number of LISA sources predicted with S/N > 5 and > 10 for the three ρGC cases assuming a LISA mission of length T obs = 2 years and 5 years (fiducial). We also show the values for T obs = 10 years, which serves as an upper limit.
ages and heliocentric distances. Therefore, we produce a number of independent realizations to estimate the level of stochastic fluctuations for the number of BBH sources resolvable by LISA and the BBH merger rates. Table I shows the predicted merger rate in the local universe (row 2) for the three values of ρ GC (row 1). We also show the number of sources predicted to be resolved Table I .
We note that our predicted merger rate for the local universe (6.6, 3.3, and 19.8 Gpc −3 yr −1 for the fiducial, pessimistic, and optimistic ρ GC , respectively) is consistent with merger rates of BBHs in GCs predicted by similar studies [28, 78] . For the fiducial value of ρ GC = 0.77 Mpc −3 , we find, on average, 1.5 (and up to 5) of the sources with S/N > 5 will merge in the LIGO band for a 5-year LISA observation. If the mission is extended up to 10 years and assuming the optimistic case of ρ GC = 2.31 Mpc −3 , we predict as many as 10 of the LISA-resolvable sources will go on to merge and be detected by LIGO during the LISA mission.
A. Eccentricity distribution of BBHs in local universe
One of the exciting prospects for LISA is the potential to measure eccentricities of resolvable sources and use these eccentricities to distinguish between dynamically formed sources, such as those considered here, and binaries that form through other formation channels, in particular, through isolated binary evolution in the Galactic field. Figure 4 shows the evolution in eccentricity-f peak GW space of all binaries with S/N > 5 for the same local universe realization shown in Figure 3 . As in Figure 3 , the black tracks here show the evolution during the (5 year) LISA observation time. The upper dashed line shows the eccentricity (e = 10 −2 ) that will always be measurable for any resolved BBH and the lower dashed line denotes the measurable eccentricity limit (e = 10 −3 ) for 90% of resolvable BBHs for T obs = 5 years [79] . Note that this figure demonstrates similar results to that Figure 1 of [31] . Figure 5 shows the eccentricity distributions for three populations of BBHs in the local universe. The left panel shows all BBHs of any frequency, the middle panel shows all BBHs in the LISA frequency band, independent of their resolvability, and the right panel shows only those systems that would be resolvable (S/N > 5). As before, blue and red curves indicate ejected and retained BBHs, respectively, while the solid black curve in the right-hand panel denotes all sources (ejected and retained combined). The vertical dashed lines in the right-hand panel again denote the measurable eccentricity limits for resolved binaries. The black dashed lines in the middle and left-hand panels denote the thermal distribution.
As the left-hand panel shows, the eccentricity distribution for BBHs of all frequencies is approximately thermal for both ejected and retained BBHs, as is expected for binaries that have undergone dynamical encounters [25, [80] [81] [82] . Meanwhile, for binaries in the LISA band (middle panel), the distributions begin to diverge from the thermal distribution. The ejected systems (blue curve of the middle panel) are slightly sub-thermal. This is expected because by the time these binaries have inspiraled into the LISA band, the original eccentricities at the time of formation (which would have been drawn from a thermal distribution) will have been partially erased due to circularization effects of GW emission.
On the other hand, as shown by the red curve in the middle panel, retained systems in the LISA band have a super-thermal eccentricity distribution. As shown in Figure 2 and as discussed in Section III D, retained binaries tend to form with higher eccentricities relative to ejected binaries. This is simply because BBHs that do not attain a sufficiently high eccentricity from the last dynamical encounter will continue to undergo hardening encounters until they are ejected from the host cluster, in which case the eccentricity is set by the single draw from the thermal distribution of the last encounter which leads to ejection. However, because the GW inspiral timescale for binaries scales as ∝ (1−e 2 ) 7/2 (see, for example, [59] ), retained binaries that will eventually merge in the cluster will have a super-thermal eccentricity distribution, and thus, we expect these mergers to have larger eccentricities than their ejected counterparts by the time they reach the LISA band. Additionally, the orbital frequency distribution of these binaries peaks at frequencies lower than 10 −5 Hz. Therefore, for wider binaries which will undergo subsequent dynamical encounters in the cluster, we preferentially select the (more abundant) lower orbital frequency systems that have the highest eccentricities, also contributing to the super-thermal distribution for retained binaries. The right-hand panel of Figure 5 shows only BBHs resolved with S/N > 5. As shown, 66% of retained BBHs (red curve) with S/N > 5 will have e > 0.01, while 94% will have e > 10 −3 . For ejected BBHs (blue curve), 5% and 23% will have e in excess of the 10 −2 and 10 −3 limits, respectively.
In total, the ejected binaries dominate the total population of resolvable sources: 83% of BBHs with S/N > 5 have been ejected from their host cluster. For all BBHs formed in GCs (black curve), we estimate 15% and 35% of sources with S/N > 5 will have e > 10 −2 and e > 10 −3 , respectively.
Additionally, we note that the eccentricity distributions for the resolvable sources shown in the right-hand panel of Figure 5 agree closely to those shown in the bottom panel of Figure 2 , which shows distributions for all BBH mergers integrated back to f GW = 10 −2 Hz. This of course is expected, since most of the resolvable sources have frequencies near this value (Figure 3 ).
V. DISCUSSION AND CONCLUSIONS
Using a set of 24 independent GC models developed with our Monte Carlo code CMC, we have explored the population of binary BHs formed in GCs that may be resolved by LISA out to a distance of 500 Mpc. Our key findings include:
1. For our fiducial values for number density of GCs in the local universe (0.77 Mpc −3 yr −1 ) and the duration of the LISA mission (T obs = 5 years), we estimate approximately 33 BBHs formed in GCs will be resolved in the local universe above mHz frequencies with S/N > 5, including approximately 5 with S/N > 10.
2. Of these resolvable sources, we predict approximately 2 and up to 5 will inspiral and merge in the LIGO band during the LISA observation lifetime.
3. If the LISA mission is extended to 10 years, and if we consider a more optimistic value for the GC number density (2.31 Mpc −3 yr −1 ), in excess of 200 sources may be resolved with S/N > 5, including as many as 40 with S/N > 10. In this case, as many as roughly 10 resolvable sources may merge in the LIGO band during the LISA lifetime.
4. Of the GC BH binaries that are resolved, we predict approximately 35% will have eccentricities in excess of 10 −3 and 15% will have eccentricities above 10 −2 . Such eccentricities are likely to be measurable by LISA.
As shown in Figure 2 , BBHs formed through isolated binary evolution in the Galactic field have significantly lower eccentricities in the LISA band compared to the dynamical population. Thus, if the eccentricity can be measured for binaries resolved by LISA, it may be used to point to the dynamical origin of these systems. For our predicted resolvable population, roughly 15% of BBHs have eccentricities in excess of 10 −2 . This value is slightly lower than that predicted by [27] , which predicted roughly 40% of BBHs formed in GCs would have e > 10 −2 . The difference here arises simply from the relative abundance of ejected versus retained BBHs considered in these two studies.
Of the BBHs predicted to be resolved with S/N > 5 (as shown, for example, in Figure 3 ), we find approximately 80% have been ejected from their host clusters. However, as shown in [27] (as well as [28] ), the merger rate of BBHs out to z ≈ 1 has been shown to be split approximately 50/50 between in-cluster and ejected. There are several reasons LISA may preferentially resolve ejected BBHs. First, because LISA can only resolve binaries out to roughly 0.5 Gpc (z ≈ 0.1), LISA preferentially sees older clusters when relatively more BHs have been ejected, unlike LIGO which can see younger clusters at higher redshifts. Second, because binaries have relatively higher eccentricities in the LISA band than in the LIGO band, and because retained systems preferentially have higher eccentricities (see Figure 5) , the GW emission of retained sources are more likely to be spread out over many harmonics compared to the ejected binaries, rendering them less detectable.
We do note that the eccentricity distributions of our retained and ejected populations are very similar to those found in [27] (compare the right-hand panel of our Figure 5 to Figure 4 in [27] ). But because [27] considered all BBH mergers at a frequency of 10 −2 Hz, as opposed to only those that would realistically be resolved by LISA, [27] predicted a larger fraction of the population was made up of the retained binaries (which, as shown in Figure 5 , have relatively high eccentricities at f = 10 −2 Hz), and thus a larger fraction of the total sources would have eccentricities in excess of 10 −2 . When considering only those BBHs that may be resolved by LISA, the fraction of sources with measurable eccentricities likely decreases slightly, as shown here.
In [41] , it was pointed out that inclusion of PN corrections may lead to depletion of stationary sources at high GW frequencies ( 10 −3 Hz) in MW GCs, particularly pertaining to [40] , which used Newtonian GC models to show that approximately 5 BBHs may be resolved in the MW GCs and used a rough cut to exclude binaries that may have been handled incorrectly by the Newtonian models.
Although the present study focuses upon higher frequency BBHs en route to merger, we briefly comment here upon the number of lower-frequency BBH sources that may be observed by LISA in the MW, as predicted by our models with PN corrections. Using an identical weighting scheme to that described in Section IV, but drawing cluster distances from the galactocentric distance distribution of MW GCs, we predict approximately 6 BBHs may be resolved with S/N > 2 that formed in MW GCs (including approximately 2 and 1 with S/N > 5 and 10, respectively), approximately in line with [40] which predicted 7 and 4 BBHs would be resolved in the MW GCs with S/N > 2 and 7, respectively. However, as suggested by [41] , we find that inclusion of general relativistic effects depletes the handful of high-frequency MW sources (f GW mHZ) identified in the Newtonian models of [40] . Unlike the binaries considered in Section IV (which are found at considerably larger distances), these MW sources identified here are found exclusively at low GW frequencies (sub-mHz). This is simply because the timescales on which systems above ∼mHz frequencies "chirp" through the upper half of the LISA band are relatively small, making them unlikely be seen in the MW, which only contains roughly 150 GCs. Only when we consider a sufficiently large volume, do we access enough GCs to catch a handful of these high-frequency sources. But of course, as we move to a larger volume, the signal-to-noise ratios of these source decrease, which is why we identify no more than ∼ dozens of resolvable binaries regardless of assumptions concerning the density of GCs in the local universe.
However, it should be noted that the set of GC models utilized in this study does not necessarily span the full distribution of MW GCs (in particular, missing the corecollapsed clusters which may have few BHs at present; see [83] ). A more detailed study of MW clusters is necessary to explore the effects of the inclusion of PN corrections in greater detail.
As illustrated by Figure 1 , some BBH mergers that form through GW capture in GCs will form at frequencies above ∼ 1 Hz, making the prospects for detecting these systems with LISA poor. However, these systems may be observable by proposed decihertz detectors, such as Tian Qin and DECIGO. Thus, future decihertz missions may be necessary to successfully disentangle the formation channel of these binaries [e.g., 24, 65] . We intend to perform a more thorough investigation of the detectability of these BBHs in the decihertz regime in a later study.
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